ABSTRACT The feeding behavior of Nephotettix virescens (Distant), Nephotettix nigropictus (Stal), and Nephotettix malayanus Ishihara & Kawase was monitored electronically on leafhopper-susceptible 'Taichung Native I' (TNl) and leafhopper-resistant 'Pankhari 203' and 'IR29' rice cultivars, on resistant wild rice (Oryza officinalis Well ex Watt, IRRI Accession No. 100896), and on the graminaceous weeds Leersia hexandra Swartz and Echinochloa glabrescens Munro ex Hook-F. During an access period of 180 min, the leafhopper adults fed in the phloem of the test plants for periods ranging from 4 to 92 min. Excretion of basic honeydew, which turned blue on filter paper treated with bromocresol green, and histological examination of insect salivary sheaths terminating in phloem tissues, also confirmed phloem feeding. The longer the phloem feeding, the greater was the quantity of basic honeydew excreted. Phloem feeding decreased on resistant rices, on the wild rice, and on weeds, but N. malayanus reared on L. hexandra fed longer in the phloem of this weed than did the other two species. Vulnerability of leafhopper-resistant cultivars to rice tungro viruses can be associated with insect ability to feed in the phloem. Having acquired tungro viruses from infected rice plants, the leafhoppers, particularly N. nigropictus, could transfer tungro viruses to weeds which become additional sources of virus inoculum.
THE LEAFHOPPERSNephotettix
virescens (Distant), Nephotettix nigropictus (St:il), and Nephotettix malayanus Ishihara & Kawase are widely distributed in the tropical and subtropical rice environments of Asia (Ghauri 1971 , Inoue 1986 ). Although the insects are capable of seriously damaging rice crops by direct feeding under favorable conditions, they are more important as vectors of a number of rice viruses, particularly rice tungro (RT) viruses. In recent years, hundreds of thousands of hectares of rice crops have been devastated by RT in South and Southeast Asian countries. In Indonesia alone, during [1969] [1970] [1971] [1972] [1973] [1974] [1975] [1976] [1977] [1978] [1979] [1980] [1981] [1982] [1983] [1984] [1985] , RT ravaged 180,000 ha of rice crops worth approximately $90 million (Tantera 1986) .
Nephotettix virescens and N. nigropictus are mainly phloem feeders on susceptible rices, but they shift to xylem feeding on resistant ones (Auclair et al. 1982 , Khan & Saxena 1984a , Razzaque et al. 1987 . On the other hand, N. malayanus feeds largely on xylem tissues of most rices but in phloem tissues of its preferred graminaceous weed host (Leersia hexandra Swartz) (Kim et al. 1986 ). Tungro viruses are phloem-delimited (Favali et al. 1975) . A significant correlation between percentage RT virus transmission and phloem feeding, and average life spans of green leafhoppers has been reported (Heinrichs & Rapusas 1984 , Dahal & Hibino 1987 . N. virescens is the most efficient RT virus transmitter (83%), followed by N. malayanus (42%), and N. nigropictus (27%) (Ling 1975) . Most studies relate tungro disease outbreaks to N. virescens because of the vector's abundance in many rice-growing countries in Asia and the vector's high RT virus transmission efficiency. The RT virus transmission potential of the other two Nephotettix species is often overlooked. Our recent surveys in RT-infected rice fields in Palawan, Negros Occidental, Nueva Ecija, and Isabela of the Philippines revealed that N. virescens, N. nigropictus, and N. malayanus comprised about 49%, 41% , and 10% of the total Nephotettix population, respectively (A.N.M.R.K., I. Domingo & R. C. S., unpublished data).
Tungro incidence has been correlated with the population density of N. virescens and N. nigropictus in poorly managed or weedy rice fields (AIviola & Litsinger 1987) . Weeds also harbor RT viruses and may contribute significantly in RT virus transmission. About 15 weed species have been identified as hosts of RT viruses (Mukhopadhyay 1984) ; several of these are also alternate hosts of N. virescens, N. nigropictus, and N. malayanus . These leafhoppers are capable of transmitting RT viruses from rice to weeds; N. nigropictus, in particular, can transmit RT viruses from weeds to riCf' (Khan 1988) .
In recent years, tungro disease has been efff'ctively controlled in several countries by growing vector-resistant rice cultivars. The resistant culti-vars have antixenosis and antibiosis to leafhoppers and suffer less feeding damage and tungro infection (Cheng & Pathak 1972) . However, continuous deployment of vector-resistant cultivars in large contiguous areas has given rise to vector adaptability to those cultivars and led to high RT virus infection (Hibino 1987 , Siwi et al. 1987 . Recently, IRRI has bred advanced breeding lines resistant to N. virescens and the plant hopper Nilaparvata lugens (Shi.l) through hybridization between resistant wild rice (Oryza officinalis Well ex Watt) and cultivated rice (Oryza sativa L.) (Jena & Khush 1990) . Graminaceous weeds of the genus Leersia, such as Leersia hexandra Swartz, are potential sources of RT, and these weeds and Nephotettix species commonly co-occur in the rice ecosystem. Because wild rices and graminaceous weeds are phylogenetically related to cultivated rices, even rices developed through interspecific or intergeneric breeding programs may succumb to tungro if the vectors can appreciably feed in their phloem tissues.
Knowing the feeding characteristics of these leafhoppers can be helpful in identifying the elements of the tungro virus transmission process that make various graminaceous weeds important as virus sources. We, therefore, compared the feeding behavior of three RT virus vector species, N. virescens, N. nigropictus, and N. malayanus, on selected resistant and susceptible rice cultivars, a resistant wild rice (0. officinalis, IRRI Accession No. 100896), and two graminaceous weeds (L. hexandra and Echinochloa glabrescens Munro ex Hook-F.).
Materials and Methods
Virus-free colonies of N. virescens and N. nigropictus were maintained for three generations on healthy, susceptible 'Taichung Native l' (TNl) rice plants. N. malayanus was maintained on its preferred host (L. hexandra), a graminaceous weed growing profusely in lowland rice fields. To determine the feeding activity of the insects, we used a DC variant of an electronic monitoring device (Khan & Saxena 1984b) . One end of a gold wire (7 cm long, 18 /Jm diameter) (Tanaka Denshi Kogyo K. K., Tokyo) was attached to the dorsum of a 2-d-old female by means of silver conducting paint (Litsilber 200, Demetron, Hanau, Germany). The insect was starved but was offered water for 4 h before it was placed on an intact leaf of a test plant (30-35 d old) grown in a clay pot (6 em diameter). The other end of the gold wire was connected directly to the negative input terminal of a transistorized, automatic, null-balancing DC chart recorder having a 250-mm recording width and input resistance of 1 M n (Uni-recorder, Nippon Denshi Kagaku, Japan). Two 1.5-V DC batteries connected in a series were used as the voltage source. The positive battery terminal was attached to the stem of the test plant through aluminum foil.
The negative battery terminal was connected directly to the positive input terminal of the chart recorder. The recorder pen was adjusted to the chart baseline. A chart speed of 2.5 cm/min at 0.2-V amplifier power was adequate to distinguish various waveforms during 'insect feeding. Insect feeding was monitored for 180 min. Each plant species or cultivar was tested seven times using fresh insects and fresh plants. Waveforms recorded during insect feeding were compared with those determined in a separate study (unpublished data), in which in situ histological sections of insect stylet sheaths were analyzed with the corresponding waveforms of N. virescens feeding. A filter paper disk treated with bromocresol green (9 cm diamẽ ter) was placed below the feeding insect to collect its honeydew, which turned blue (basic reaction) when the insect fed in the phloem and dull white (acidic reaction) when it fed in the xylem. Whether the droplets of honeydew excreted during a feeding event were acidic or basic in reaction was noted for the corresponding waveform on the chart paper. The area of dried spots of basic honeydew droplets on the bromocresol-treated filter was later measured in square millimeters. Regression and correlation coefficients were computed for the relation between the area of basic honeydew and the duration of phloem feeding and analyzed for significant differences. The tests were conducted at 26 ± 1°C. Data on feeding events for each of the three Nephotettix species on the six test plants were subjected to analysis of variance (ANOVA) using the general linear models procedure of the statistical analysis system (SAS 1985) followed by Tukey's (1953) studentized range test. There were seven replicates for each feeding event recorded. The significance level for all statistical analyses was P = 0.05.
To determine if the insects fed in the phloem tissues, we confined 2-d-old females of the test insects for 12 h on a 2-cm-long portion of a whole leaf of test plants (30-35 d old) grown in clay pots (6 em diameter). The insects were starved as described above. Leaf portions on which insects had fed were fixed in formalin/acetic acid/alcohol solution (5:5:95 vol/vol) and dehydrated in a tertiary butyl alcohol series. Leaf cross sections (15 /J) were stained with safranin and fast green (Jensen 1962) and examined microscopically for feeding tracks. Termination patterns of fifty randomly selected stylet sheaths were determined for each insect species and test plant. Data on stylet sheaths terminating in xylem and phloem were analyzed using a non parametric Wilcoxon test (SAS 1985) .
Results and Discussion
Distinct waveforms for probing, salivation, xylem feeding, and phloem ingestion were recorded during the feeding activities of N. virescens, N. nigropictus, and N. malayanus on resistant and susceptible rices and on graminaceous weeds ( Charts are to be read from right to left.
1). During salivation, position of the stylets passing through the mesophyll tissue was represented by S waveforms. Voltage signals during xylem feeding were of higher amplitude than those during phloem feeding, and the waveforms for xylem and phloem feeding were clearly distinguishable. The sequence of feeding, comprising probing, salivation, xylem ingestion, and phloem ingestion, was common for the three Nephotettix species on the plants, but the number of probes and duration of salivation and xylem or phloem feeding differed for different insect species and test plants ( Table  1) .
Among all the leafhopper species tested, frequency of probing and duration of salivation and ingestion from the xylem increased when leaf hop- Mt'ans followed by a common letter in a column and in a row for each feeding event are not significantly different (P -0.05; Tukt'y's [1953] HSD test); averages of seven replicates; insect species, plant, insect x plant interaction (df = 2, 5, 10); for probes: F = 5.3, 20.5, 3.5; P = 0.006, 0.001, and 0.0006, respectively; for salivation: F = 28.2, 32.4, 12.9; P = 0.0001; for xylem feeding: F = 1.2,8.7, 6.8; P = 0.3 (ns), 0.0001, respectively; for phloem feeding: F = 7.4, 21.6, 5.8; P = 0.001. 
hex., L. hexandra; E. glab., E. glabrescens. C Probing data was log-transformed to remove heterogeneity of variance; ANOVA and mean separation was performed on transformed data; means shown for probing data are the back-transformed values of the means from transformed data.
pers were given access to leafhopper-resistant rice cultivars or the wild rice (0. officinalis) compared with susceptible hosts (TNI for N. virescens and N. nigropictus; L. hexandra for N. malayanus). In spite of this overall leafhopper response to the plants tested, variation in leafhopper behavior on different plants suggested a continuum from very resistant to susceptible, and this continuum varied among the leafhopper species tested. Based on duration of phloem ingestion, 'Pankhari 203', 'IR29', 0, officinalis, E. glabrescens and L. hexandra were almost equally resistant to N. virescens (phloem feeding: 14, 15, 19, 20, and 22 min, respectively), compared with 68 min from susceptible TNl, 'IR29' was the most resistant to N. nigropictus (10 min phloem feeding), followed by O. officinalis (20 min), 'Pankhari 203' (42 min), E. glabrescens (46 min), and L. hexandra (50 min), whereas TNI (92 min phloem feeding) was the most susceptible. L. hexandra, sustaining phloem feeding for 84 min, was susceptible to N. malayanus, whereas O. officinalis, 'IR29', E. glabrescens, 'Pankhari 203', and TNI were resistant (4, 7, 27, 28, and 34 min, respectively) . We recorded greater percentages of salivary sheaths with single tracks passing through the mesophyll parenchyma of susceptible plants than in resistant ones, indicating that less test probing and exploratory probing by the insect was required for recognizing and accepting the target tissue in susceptible plants. These data also indicated that TNI was the most susceptible to N. nigropictus and N, virescen! and it was moderately resistant to N. malayanus. Similar results were obtained by Kim et al. (1986) ,
The durations of N. virescens phloem feeding on 'Pankhari 203' and 'IR29' in the present study differed from the almost negligible phloem feeding reported by Khan & Saxena (1985) in a similar 180-min feeding access. Differences in the age of the test insect might have influenced feeding; we used 2-d-old females, whereas 8-10-h-old females were used by Khan & Saxena (1985) . Also, the insect colonies tested could differ over time.
Phloem feeding by N. virescens on the weeds L. hexandra and E. glabrescens was similar to that on resistant rices, indicating low suitability of these weeds as hosts. In contrast, N. nigropictus fed as much as these two weeds as on 'Pankhari 203' rice, exhibiting its adaptability to these weeds. L. hexandra and E. crusgalli have been found susceptible to N. nigropictus but unsuitable as hosts for N. virescens (Razzaque et al. 1987) . N. malayanus, a grass-infesting leafhopper, ingested phloem sap of the weed E. glabrescens for almost an equal period (27 min) as it did on resistant cultivar 'Pankhari 203' (28 min). These findings imply that immigrant N. malayanus may colonize on a resistant cultivar like 'Pankhari 203', even if temporarily, and influence plant health.
The basic reaction (blue color) of the honeydew excreted on filter paper treated with bromocresol green also confirmed phloem ingestion by these leafhoppers during feeding on different test plants. In most cases, the incidence of acidic or basic honeydew excretion corresponded well with the waveforms for sustained xylem or phloem feeding, but only the area of basic honeydew spots was positively correlated with the duration of phloem ingestion by the insects on different plants (Fig. 2) .
Histology of the plant tissue confirmed that some insect stylet sheaths terminated in the phloem of all the test plants (Fig. 3) . No mechanical barrier to stylet penetration existed. However, percentages of stylet sheaths terminating in the phloem tissues of resistant rices were significantly less than in susceptible plants (Table 2 ). This was also reported by Cheng & Pathak (1972) and Karim (1978) for N. virescens.
The findings discussed above have major implications in choosing strategies for resistance breeding. Electrophoretic studies by Demayo et al. (1989) have shown that genetic variations exist both within and among geographical populations of N. virescens. Further examination of allozyme variation within N. virescens populations and gene pool analysis of four populations reared on susceptible TNI and resistant 'Pankhari 203', 'IR8', and 'TAPL 796' revealed differences in different loci for insects which had become behaviorally or physiologically adapted to plants on which they were reared (Demayo et al. 1989) . N. virescens can reportedly adapt to resistant cultivars when reared on them for several generations (Heinrichs & Rapusas 1984 Rapusas & Heinrichs 1985) . The quantitative analyses of the durations of phloem feeding of three major Nephotettix species as determined in our study provide additional evidence in this respect.
N. virescens can transmit RT viruses in <5 min (Ling 1974) . The ability of these Nephotettix species to locate the phloem tissue and ingest phloem sap from resistant rices as well as graminaceous weeds, therefore, renders the vector-resistant rices vulnerable to the transmission of tungro viruses. It also implies that RT viruses can be transferred from weeds to rice and vice versa. N. nigropictus and N. malayanus, although regarded as weed-infesting species, also can initiate RT vtrus transmission from weeds to rice and aggravate tungro disease outbreaks when their populations are high.
The complexity of interactions among green leafhoppers, rice cultivars, and the tungro-associated viruses made it difficult in the past to differentiate vector resistance from resistance to tungro viruses. But now, virus resistance has been found to be independent of the plant's genetic resistance to vectors, and a few tungro-resistant cultivars such as 'Habiganj DW 8' and 'Utri Rajapan' have been identified (Hibino 1987 thus far at IRRI are resistant only to the vector but not to RT viruses . Combining vector resistance with resistance to rice tungro bacilliform and spherical viruses should ease the tungro problem. However, for a better understanding of the dynamics of tungro transmission, it will be useful to know the relationship between resistance to phloem feeding and consequent re- a Based on random examination of 50 salivary sheaths of each insect per plant species; ns, not significant; *, **, significantly different (P = 0.05 and 0.001, respectively; Wilcoxon [SAS 1985] 
test).
b Comparisons for feeding from xylem and phloem are between TNI and other plants for N. virescens and N. nigropictus and between L. hexandra and other plants for N. malayanus; only the significance of differences in salivary sheaths ending in xylem or phloem was compared statistically.
sistance to acquisition of tungro viruses and how much phloem ingestion on rice and nonrice hosts is required by major Nephotettix species to acquire and transmit tungro spherical and bacilliform viruses. Population genetics studies will be needed to determine the range in feeding behavior across individuals in a given population and the effect of colony source on insect feeding. Also, serological techniques are required that can detect individuals carrying rice tungro spherical and bacilliform viruses in a Nephotettix species population.
